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Foreword 

This  summary r e p o r t  w a s  prepared by t h e  S o l i d  S t a t e  Labora tory  of  

t h e  Research T r i a n g l e  I n s t i t u t e  under Cont rac t  No. NAS8-11243, "Improvr 

ing  S i l i c o n  I n t e g r a t e d  Device R e l i a b i l i t y  by Modeling t h e  Processes  of 

F a b r i c a t i o n .  I .  Di f fus ion . "  The work began i n  May 1964, ended i n  

December 1964, and was adminis te red  under t h e  t e c h n i c a l  d i r e c t i o n  of  

t h e  A s t r i o n i c s  Laboratory o f  t h e  George C. Marsha l l  Space F l i g h t  Center .  

D r .  A. M .  Holladay was t e c h n i c a l  supe rv i so r  f o r  t h e  Labora to ry .  
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Abs t rac t  
\r\5 k!? 

The o b j e c t i v e  o f  t h e  program i n i t i a t e d  by t h i s  c o n t r a c t  i s  t h e  'dev- 

elopment of  r e l a t i o n s h i p s  between t h e  e l e c t r i c a l  p r o p e r t i e s  o f  s i l i c o n  

devices  and t h e  v a r i a b l e s  of t he  processes  by which t h e s e  devices  were 

f a b r i c a t e d .  The i n i t i a l  experiments ,  desc r ibed  i n  t h i s  summary r e p o r t ,  

cons ider  on ly  t h e  i n f l u e n c e  of t h e  v a r i a b l e s  of  a s p e c i f i c  d i f f u s i o n  

process  upon: 1) t h e  j u n c t i o n  depth and s h e e t  r e s i s t i v i t y  o f  t h e  d i f -  

fused l a y e r ,  and 2)  t h e  r e v e r s e  c u r r e n t  and t h e  breakdown v o l t a g e  of 
I 

a p l ana r  diode so form \/ The r e l a t i o n s h i p s  der ived  a r e .  

/ 

/ 14750 
T 

- -  
( I n  c - 0.52) e 7 0.66 ."x = 1.364 x 10 t 

j v 

A 2084 = 5.005 + 0.032 In  t - 
(BR) 

In V 

A 
In IR = 9.27  + 0 .21  xjps 

where x = j unc t ion  depth (A) 
j 

P S  

V 
(Bra 

IR = r eve r se  c u r r e n t  (a t  a reverse v o l t a g e  of 10 v o l t s  

t = t i m e  of d i f f u s i o n  (minutes) 

T = temperature o f  d i f f u s i o n  ( O K )  

c = impuri ty  concen t r a t ion  dur ing  d i f f u s i o n  (ppm) 

= sheet r e s i s t i v i t y  (ohms/O) 

= breakdown v o l t a g e  ( a t  a reverse c u r r e n t  of 200 pa) 

pa) 

The express ion  f o r  'x 
j 

adequate  on ly  a t  t h e  h ighes t  va lues  of  c .  

v 

i s  judged t o  be adequate ,  wh i l e  t h a t  f o r  as i s  

The expres s ions  f o r  both 

and I a r e  inadequate .  
(BR) R 



, A  
a . 

iii 

Table  of Contents  

Sec t ion  

1. I n t r o d u c t i o n  

2 ,  Model Development 

2 . 1  So lu t ion  t o  t h e  Dif fus ion  Equat ion f o r  F i n i t e  

Rate  L imi t a t ion  

3 .  Experimental  Work 

4 .  Data Evalua t ion  

5 ,  Conclusions and Recommendations 

References 

Page 

1 

7 

8 

18 

33 

53 

56 



i v  

L i s t  of I l l u s t r a t i o n s  

F i g u r e  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14  

15 

Sub-dividing blocks i n  t h e  modeling o f  system 
e l e c t r i c a l  performance 

Solu t ions  t o  E q .  13, presented  as p l o t s  of  
G = N / N  a g a i n s t  a x.12 J D t  

B eq J 

Solu t ions  t o  E q .  13, p resented  as p l o t s  o f  
J = N / N  

Gas flow schematic  f o r  phosphine d i f f u s i o n  

Photomask f o r  d e f i n i n g  a r e a s  of  d i f f u s i o n  

Photomask f o r  d e f i n i n g  a r e a s  of  ohmic c o n t a c t  

Wafer fol lowing process ing  

Photomicrograph of u n i t s  on a completed wafer  

Schematic of measuring c i r c u i t  f o r  diode e l ec t r i ca l  
prop ert ies 

J u n c t i o n  depth p r e d i c t e d  by Eq. 35 as a f u n c t i o n  o f  
phosphine c o n c e n t r a t i o n  during d i f f u s i o n  

Junct ion  depth p r e d i c t e d  by Eq. 35 a s  a f u n c t i o n  o f  
d i f f u s i o n  temperature  

Junc t ion  depth p r e d i c t e d  by Eq. 35 as a f u n c t i o n  o f  
d i f f u s i o n  t i m e  

D i s t r i b u t i o n  o f  r e s i d u a l s  from Eq. 35 and t h e  top  
s u r f a c e  d a t a  of Table  1 

A comparison o f  s h e e t  r e s i s t i v i t y  a s  p r e d i c t e d  by 
Eq. 36 and t h a t  observed (aveg. t op  s u r f a c e  d a t a ,  
Table  1) f o r  t h e  lower v a l u e s  of  impur i ty  
concent ra t ion  

A comparison o f  s h e e t  r e s i s t i v i t y  a s  p r e d i c t e d  by 
Eq .  36 and t h a t  observed (aveg. top s u r f a c e  d a t a ,  
Table  1) f o r  t h e  h i g h e s t  v a l u e  of  impur i ty  
concent ra t ion  

a g a i n s t  a ES x . / 2  J D t  
B J 

Page 

2 

10 

11 

19 

23 

25 

28 

29 

32 

36 

37 

38 

39 

42 

44 

i 

. 



V 

L i s t  o f  I l l u s t r a t i o n s  (Continued) 

F i g u r e  Page 

16 A comparison of s h e e t  r e s i s t i v i t y  as p r e d i c t e d  by 
E q .  43 and t h a t  observed (aveg. top  s u r f a c e  d a t a ,  
Table  1) f o r  t h e  h i g h e s t  v a l u e  of impur i ty  
concen t r a t ion  45 

1 7 .  Typica l  d iode  I-V c h a r a c t e r i s t i c s  49 

I 



v i  

L i s t  o f  Tables  

Table  1 Raw Data from F i r s t  D i f f u s i o n  Experiment 

Table  2 Residuals  Calcu la ted  from t h e  Observed Sheet 

R e s i s t i v i t y  (Aveg. Top Surface  Data,  Table  1) 

and t h e  P r e d i c t e d  (Eq. 36) 

Table  3 Raw Data from Second D i f f u s i o n  Experiment 

Page 

34 

41 

48 



1. I n t r o d u c t i o n  

Tile work descr ibed  i n  t h i s  summary r e p o r t  i s  t h e  i n i t i a l  s t e p  of  

a program whose goa l  i s  t h e  development of  mathematical  expres s ions  

r e l a t i n g  the  e l e c t r i c a l  performance o f  a s i l i c o n  device  t o  t h e  s i g n i f i -  

can t  parameters  of i t s  f a b r i c a t i o n .  I n  p r i n c i p l e  t h e  performance of t h e  

dev ice  under f i x e d  t e s t  cond i t ions  should  depend on ly  on t h e s e  v a r i a b l e s  

but  a t  p re sen t  t h e  f u n c t i o n a l  form o f  t h e  dependence can on ly  be q u a l i -  

t a t i v e l y  s t a t e d  and wi th  r e s e r v a t i o n s .  The purpose of  t h e  p r e s e n t  phase 

i s  t o  f u r n i s h  e x p l i c i t  mathematical  s t a t emen t s ,  r e l a t i n g  v a r i o u s  measures 

of e l e c t r i c a l  performance t o  t h e  s i g n i f i c a n t  independent m a t e r i a l  and 

process ing  v a r i a b l e s ,  whatever they may prove t o  be.  

The o v e r a l l  t a s k  becomes s i m p l e r  when broken i n t o  s teps  a s  shown 

i n  F igu re  1. The l i s t  of  v a r i a b l e s  inc luded  i n  block 1 i s ,  of  course ,  

incomplete and t h e  i d e n t i t y  of  a l l  s i g n i f i c a n t  v a r i a b l e s  t h a t  m u s t  be 

inc luded  t h e r e  i s ,  i n  f a c t ,  a major problem. I d e a l l y  block 1 should be 

a complete l i s t i n g  of a l l  important ,  independent v a r i a b l e s ,  desc r ib ing  

t h e  s t a r t i n g  m a t e r i a l  and t h e  processes  through which t h e  s t a r t i n g  

m a t e r i a l  i s  passed i n  being manufactured i n t o  a device .  It is  convenient 

a t  f i r s t  t o  t r e a t  such v a r i a b l e s  a s  r e s i s t i v i t y ,  l i f e t i m e ,  d i s l o c a t i o n  

d e n s i t y ,  e t c . ,  a s  independent v a r i a b l e s .  Other  v a r i a b l e s  such a s  s u r f a c e  

f i n i s h ,  s u r f a c e  contaminat ion,  impuri ty  compensation, t r a c e  i m p u r i t i e s ,  

e t c . ,  may w e l l  be q u i t e  important  bu t  are  being neglec ted  u n t i l  t h e i r  

need i s  c l e a r l y  ev iden t .  

The process ing  v a r i a b l e s  of  block 1 inc lude  a l l  t hose  which are 

independent ly  c o n t r o l l e d  i n  t h e  f a b r i c a t i o n  of  t h e  device .  Even f o r  

s imple  s t r u c t u r e s  t h e  number of  such independent process  v a r i a b l e s  can 
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b?  q u i t e  l a r g e  when a l l  t h e  var ious  p rocesses  a r e  accounted f o r .  The 

s p e c i f i c  v a r i a b l e s  measured may d i f f e r  w i th  t h e  s p e c i f i c  technique  used; 

f o r  example, t h e  v a r i a b l e s  o f  ox ida t ion  performed i n  a wet oxygen system 

must i nc lude  t h e  oxygen flow ra te  and t h e  wa te r  ba th  tempera ture  i n  addi- 

t i o n  t o  t h e  t ime and tempera ture  of o x i d a t i o n ,  w h i l e  o x i d a t i o n  us ing  a 

steam system i s  determined completely by t h e  t ime and temperature o f  

t h e  o x i d a t i o n .  To d ivo rce  t h e  r e s u l t s  of  t h e  experim'zntal  work of t h i s  

program from t h e  s p e c i f i c  techniques used, i n t e r m e d i a t e  process  parameters 

are  in t roduced  i n  block 2. These parameters a r e  measurable numbers 

whose va lues  depend upon t h e  independent v a r i a b l e s  o f  t h e  process  w i t h  

which they  are a s s o c i a t e d .  Junc t ion  depth and s h e e t  r e s i s t i v i t y ,  f o r  

example, a r e  two in t e rmed ia t e  process  parameters  of  d i f f u s i o n  whose v a l u e s  

a r e  dependent upon t h e  independent v a r i a b l e s  o f  t h e  d i f f u s i o n  t echn ique  

employed. These independent v a r i a b l e s  o f  d i f f u s i o n  a r e  n o t  t h e  same 

f o r  a one-s tep  p rocess ,  a s  t hey  would be f o r  a two-step process  o r  a 

t h i r d  type  d i f f u s i o n  p rocess ,  bu t  t h e  d i f f u s e d  l a y e r s  t hey  d e s c r i b e  a r e  

assumed t o  be t h e  same r e g a r d l e s s  of  how t h e y  a r e  ob ta ined .  

The l i s t i n g  of  i n t e r m e d i a t e  process  parameters  i s  complete when a l l  

t h e  device  e l e c t r i c a l  p r o p e r t i e s  o f  i n t e r e s t  (block 3 ,  F i g .  1) can be  

adequate ly  expressed  i n  terms of t h e  p rocess  parameters  of block 2 ,  

F i g .  1. I n  a d d i t i o n ,  t h e  mathematical r e l a t i o n s h i p s  between t h e  depen- 

d e n t  v a r i a b l e s  of  b lock  2 and t h e  independent v a r i a b l e s  o f  block 1 are 

e m p i r i c a l l y  l e s s  complex than  those between block 1 and block 3 .  P a r t  

o f  t h e  reason  f o r  t h i s  observa t ion  may be  t h a t  t h e  dependent p r o p e r t i e s  

of  block 3 a r e  simply much more s e n s i t i v e  t o  changes i n  t h e  v a r i a b l e s  

o f  block 1 than a r e  t h e  measured parameters of  block 2 .  
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The p r o p e r t i e s  t o  be inc luded  i n  b locks  3 ,  4 ,  and 5 of F ig .  1 

depend upon s p e c i f i c  a p p l i c a t i o n s ,  r e q u i r i n g  s p e c i f i c  p r o p e r t i e s .  

Beyond block 3 ,  v a r i a b l e s  d e s c r i b i n g  c i r c u i t  des ign  and environment 

become impor tan t .  

For t h e  p re sen t  work, on ly  a small number o f  v a r i a b l e s  from each 

of  t h e  f i r s t  t h r e e  blocks have been chosen. Using a phosphine gas- 

sou rce  d i f f u s i o n  system [Ref,  11, wafers  o f  p-type s i l i c o n ,  c u t  from 

t h e  same ingot ,  have been d i f f u s e d  under c o n d i t i o n s  s e l e c t e d  f o r  inves- 

t i g a t i n g  t h r e e  o f  t h e  independent v a r i a b l e s  of  d i f fus ion - - t ime  t ,  

tempera ture  T, and impur i ty  concen t r a t ion  c .  These t h r e e  v a r i a b l e s  a r e  

t h e  on ly  independent v a r i a b l e s  of  t h e  experiment;  a l l  o t h e r  m a t e r i a l  

p r o p e r t i e s  and process  parameters have been h e l d  c o n s t a n t ,  a s  b e s t  a s  

can be determined. The d i f f u s e d  wafers  were c u t  from t h e  same i n g o t ,  

p repared  f o r  d i f f u s i o n  by i d e n t i c a l  p rocedures ,  and eva lua ted  wi th  t h e  

same tes t  equipment and personnel .  

Two sets  of dependent v a r i a b l e s  were measured: (1) j u n c t i o n  depth 

(x,) and shee t  r e s i s t i v i t y  (p ) o f  a d i f f u s e d  l a y e r ,  ( 2 )  j u n c t i o n  r e v e r s e  

c u r r e n t  I ( a t  a reverse b i a s  of  10 V)  and j u n c t i o n  breakdown v o l t a g e  

V (BR) o f  p lanar  d iodes  formed dur ing  t h e  same d i f f u s i o n .  

measurements were made a t  a tempera ture  of  200°C and V 

c u r r e n t  of  200 pa .  

J S 

R 

The l a t t e r  

a t  a r e v e r s e  
(BR) 

The f i r s t  se t  o f  measured d a t a  (x and p ) y i e l d s  informat ion  j S 

r e l a t i n g  t h e  independent v a r i a b l e s  of  block 1 ( t ,  T ,  and c)  and those  

of block 2: 

x = x j ( t , T , c )  (1) 
j 
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The second s e t  of d a t a  measurements g i v e s  both: 

I R  = 'R(PS, x j )  

V 

( 3 )  

(4)  

and 

R e l a t i o n s h i p s  (1) and (2) a r e  unique f o r  t h e  d i f f u s i o n  s y s t e m  i n v e s t i -  

g a t e d  h e r e ;  r e l a t i o n s h i p s  (3) and ( 4 )  could  be g e n e r a l  and independent 

o f  t h e  d i f f u s i o n  sys t em.  The word "could" i s  used t o  sugges t  t h a t  o t h e r  

i n t e r m e d i a t e  d i f f u s i o n  variables ( impur i ty  g r a i d e n t ,  f o r  example) may 

be r e q u i r e d  b e f o r e  r e l a t i o n s h i p s  between b locks  2 and 3 a r e  adequate.  

Once t h e s e  r e l a t i o n s h i p s  a r e  e s t a b l i s h e d ,  however , t h e  r e s u l t s  a r e  inde- 

pendent of  any p a r t i c u l a r  technique. The d i f f e r e n c e s  i n  c o n t r o l l i n g  

d i f f u s i o n  by a one-s tep  o r  a two-step p rocess ,  geometry by photoengraving 

o r  an e l e c t r o n  beam appear on ly  i n  t h e  r e l a t i o n s h i p s  between block 1 

and b lock  2. Beyond b lock  2 process  d i f f e r e n c e s  a r e  expected t o  d i sappea r .  

A t  t h e  same t i m e  t h e  r e l a t i v e  q u a l i t y  o f  competing processes  can 

be eva lua ted  o b j e c t i v e l y  by comparing t h e  p r e d i c t a b i l i t y  (as  measured, 

s a y ,  by t h e  s t anda rd  d e v i a t i o n s )  of  t h e  dependent v a r i a b l e s  i n  b lock  2 

a s  ob ta ined  by t h e  d i f f e r e n t  processes .  No such comparison has  been 

a t t empted  so f a r ;  t h e  s i n g l e  s t ep  d i f f u s i o n  process  has  been i n v e s t i g a t e d  
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exclus ive ly- -pr imar i ly  because of t h e  small  number of w e l l  i d e n t i f i e d ,  

e a s i l y  measured v a r i a b l e s  which seem t o  permi t  good r e p r o d u c i b i l i t y  o f  

t h e  d i f f u s i o n s ,  

The procedure by which r e l a t i o n s h i p s  ( 1 ) )  (2)  and ( 3 ) ,  ( 4 )  o r  (5) )  

(6)  a r e  obt3ined i s  semi-empir ical .  T h e o r e t i c a l  r e l a t i o n s h i p s  a r e  

der ived  a p r i o r i ,  based on known informat ion  i n  t h e  open l i t e r a t u r e .  

Data a r e  f i t t e d  t o  t h e s e  r e l a t i o n s h i p s  by a technique  such a s  l e a s t  

squa res .  The judgment t h a t  t h e  r e l a t i o n s h i p  ob ta ined  by t h i s  procedure 

i s  adequate  i s  made by comparing t h e  u n c e r t a i n t i e s  i n  p r e d i c t i o n  wi th  

those  expected i n  o t h e r  s t e p s  of t h e  p rocess ing .  

The fol lowing s e c t i o n s  summarize t h e  development of  models d e s c r i b i n g  

phosphine source d i f f u s i o n  and t h e  e l e c t r i c a l  p r o p e r t i e s  of  p l a n a r  diodes 

f a b r i c a t e d  from such d i f f u s e d  l a y e r s  i n  terms of  t h e  t i m e ,  temperature  

and impur i ty  concent ra t ion  during d i f f u s i o n .  T h e o r e t i c a l  models are  

der ived  i n  Sec. 2 and t h e  r e s u l t s  of  s t a t i s t i c a l  curve f i t t i n g  from t h e  

d a t a  a r e  presented  i n  Sec. 4 .  Sec. 3 d e s c r i b e s  t h e  experimental  t echn i -  

que f o r  f a b r i c a t i n g  d i f f u s e d  diodes and g a t h e r i n g  t h e  d a t a .  Conclusions 

and recommendations f o r  follow-up work a r e  o u t l i n e d  i n  Sec. 5.  
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2 .  Model Development 

So lu t ions  t o  F i c k ’ s  second law o f  d i f f u s i o n  have been c a l c u l a t e d  

by v a r i o u s  au tho r s  f o r  va r ious  boundary cond i t ions  [Refs .  2, 31;  t y p i c a l l y  

t h e s e  s o l u t i o n s  a r e  t o  t h e  one dimensional form o f  t h e  d i f f u s i o n  equat ion:  

n 

where N i s  t h e  concen t r a t ion  of t he  d i f f u s i n g  s p e c i e s ,  t i s  t i m e ,  x i s  

d i s t a n c e  measured along t h e  d i r e c t i o n  of  d i f f u s i o n ,  and D i s  t h e  d i f f u -  

s i o n  c o e f f i c i e n t  which has  been assumed t o  be independent of  x .  The 

boundary cond i t ions  most o f t e n  of i n t e r e s t  a r e  t h o s e  i n  which e i t h e r :  

1. The s u r f a c e  concent ra t ion  remains cons t an t  throughout t h e  

d i  f f us  ion :  

N(x,O) = 0 f o r  x > 0 ) 

N(0, t )  = No f o r  t _> 0 . 
The s o l u t i o n  i s  t h e  complementary e r r o r  func t ion :  

( 8 )  
X N = N e r f c  - , 

2 f i t  0 

o r  

2 .  The flow o f  impuri ty  across  t h e  boundary (x = 0) i s  zero:  

= o .  El x = o  

The s o l u t i o n  i s  t h e  gauss ian  d i s t r i b u t i o n :  
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where Q is the total number of impurities per unit area contained in a 

thin planar sheet adjacent to x = 0. 

These two cases represent extremes among the possible rate limita- 

tions that can occur at the surface. Constant surface concentration 

during diffusion (case 1) implies no rate limitation whatsoever; no 

impurity flow across the surface (case 2) corresponds to maximum rate 

limiting at the surface. In reality the surface rate limitation is most 

likely somewhere between these two extremes. Smits [Ref. 31 has shown, 

however, that the differences in impurity distributions arising from 

even the two extremes a f  rate limitation is so small as to be negligible 

for all practical purposes. And indeed the usual procedure is to assume 

one extreme or the other, using either the complementary error function 

or the gaussian function to describe the impurity distribution following 

diffusion. It is the purpose of this section to investigate solutions 

in which the rate limitation at the surface is not neglected in an effort 

to predict more accurately the effects that are seen during phosphorus 

diffusion at low values of local impurity concentration c. 

2.1 Solution to the Diffusion Equation for Finite Rate Limitation 

Impurity diffusion into silicon takes place through a surface 

plane, taken as x = 0 in the following discussion. The number of 

impurities arriving at the surface from either a gas phase or a liquid/ 

solid oxide is assumed, after Smits, to be proportional to the difference 

between the actual surface concentration No and the equilibrium concen- 

tration N . The equilibrium concentration is the impurity concentration 
eq 
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reached as d i f f u s i o n  t i m e  t +  co; N should depend on t h e  impur i ty  con- 
eq 

c e n t r a t i o n  i n  t h e  phase ad jacen t  t o  t h e  s i l i c o n  s u r f a c e  through which 

d i f f u s i o n  i s  proceeding.  The boundary cond i t ion  a t  t h i s  s u r f a c e  can be 

w r i t t e n  a s :  

- N(O,t)]  = -D ,v 
K[Neq I x = o  

With such a boundary cond i t ion  t h e  s o l u t i o n  t o  Eq. 7 becomes [Ref.  31: 

where 

and z = &t = K a D  . X y = -  
D 2 &t 

So lu t ions  t o  t h i s  equat ion  a r e  p l o t t e d  g r a p h i c a l l y  i n  F igs .  2 and 3 .  

To o b t a i n  t h e  n e t  impur i ty  concen t r a t ion  t h e  background impur i ty  

concen t r a t ion  (assumed t o  have remained uniform dur ing  t h e  d i f f u s i o n )  

must be s u b t r a c t e d  from t h e  d i f f u s e d  impur i ty  concen t r a t ion  g iven  i n  

Eq. 11: 

The m e t a l l u r g i c a l  j u n c t i o n  between a d i f f u s i n g  spec ie s  and t h e  

uniform background i m p u r i t i e s  occurs a t  v (y , z )  = 0 o r  
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\ b = l  
F i g .  2 .  S o l u t i o n s  t o  E q .  13, \~ 

a 

.- 

presen ted  , 
a g a i n s t  I 

I 

.5 
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where 

, 

X .  
= d - E a  z = & & t - b .  

y j  2 4 6  D 

P l o t s  of G a s  a f u n c t i o n  of  a a r e  shown i n  F ig .  2 on semi-log paper .  

The f a c t  t h a t  t h e s e  curves  a r e  n e a r l y  s t r a i g h t  l i n e s  sugges t s  t h a t  t h e  

exponen t i a l  f u n c t i o n a l  form is  a good approximation of t h e  r e l a t i o n s h i p  

between G and a.  S ince  t h e  s l o p e  of  t h e  curves  i s  n e g a t i v e ,  t h e  g e n e r a l  

r e l a t i o n s h i p  may be w r i t t e n  a s :  

-aa G = G  e 
0 

where a i s  t h e  s l o p e  of t h e  s t r a i g h t  l i n e  approximations t o  t h e  curves  

i n  F i g ,  2 and G o ,  t h e  a = 0 v a l u e  o f  G. 

S u b s t i t u t i n g  E q .  13 i n t o  E q .  14, 

Rearranging t h e  terms i n  E q .  15 y i e l d s  both 

and 

L J 

The r e l a t i o n s h i p  between t h e  d i f f u s i o n  c o e f f i c i e n t  and tempera ture  

T i s  e m p i r i c a l l y  known t o  be e x p r e s s i b l e  i n  an Arrenhius form [Ref. 21: 

-Ea/kT 
D = D  e (18) 

0 
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where E = an energy of a c t i v a t i o n ,  a 

D = a cons t an t  

k = Boltzman's cons t an t .  

The r e l a t i o n s h i p  between N 

0 

and t h e  impur i ty  concen t r a t ion  i n  t h e  
eq 

gas  phase surrounding t h e  s i l i c o n  dur ing  d i f f u s i o n  i s  desc r ibed  by t h e  

p a r t i t i o n  c o e f f i c i e n t  k a s  follows [Ref.  41: 
g 

N = k c  
eq g 

I n i t i a l l y  k w i l l  be  assumed t o  be independent of c .  
g 

S u b s t i t u t i n g  Eqs. 18 and 19 back i n t o  16 r e s u l t s  i n  t h e  fol lowing 

e x p l i c i t  exp res s ion  f o r  x i  i n  terms of t ,  T, and c: 
J 

-E /2kT a 6 
x = 2 L & e  j 2 

Four cons t an t s  b . ( i  = 0 ,1 ,2 ,3 )  are t o  

t o  t h e  gene ra l  model: 

1 

I n  c - In  

be  determined by f i t t i n g  t h e  d a t a  

0 
l l D  

where bo = 2 - a 
bl 2: 0.5 

b2 = Ea/2k 

b3 = I n  [&] . 
2 The cons t an t  b 

determined va lues  of E repor ted  i n  t h e  l i t e r a t u r e .  The va lues  of a 

and Go cannot be es t imated  a c c u r a t e l y  from d a t a  p l o t s  s imi la r  t o  t h e  

t h e o r e t i c a l  p l o t s  shown i n  F ig .  2, s i n c e  t h e  s l i g h t  e r r o r s  in t roduced  

so determined can b e  compared with t h e  independent ly  

a' 
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by t h e  exponent ia l  approximation can be magnified g r e a t l y  o u t s i d e  of  

t h e  a p p r o p r i a t e  range. 

Neglecting any v a r i a t i o n  of m o b i l i t y  wi th  c o n c e n t r a t i o n ,  t h e  s h e e t  

r e s i s t i v i t y  p o f  a d i f f u s e d  l a y e r  i s  c a l c u l a t e d  from b a s i c  d e f i n i t i o n s  

a s  follows: 

S 

- 1 
0 = qpn = -  . 

P s x j  

When a l l  i m p u r i t i e s  a r e  ion ized ,  ;I i n  equa t ion  22 i s  equal  t o  :, t h e  

average  n e t  impurity concen t r a t ion .  From Eq. 1 2 ,  

F i g .  3 i s  a semi-logarithmic p l o t  o f  J 

which 

k / N  a s  a f u n c t i o n  of a i n  B 

and a = x.i as be fo re .  
2 JDt 

Over a l imi t ed  range, t h e  f u n c t i o n a l  r e l a t i o n s h i p  i s  v e r y  c l o s e l y  

exponen t i a l  s o  t h a t  

Pa J e .  ii - =  
0 

N13 

S u b s t i t u t i n g  E q .  25 back i n t o  Eq. 23 and then  Eq. 22 y i e l d s  

Using Eq. 17 t o  e l i m i n a t e  a ,  
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which immediately y i e l d s  

Assuming @/a’= 1 and s u b s t i t u t i n g  f o r  x from Eq. 2 1  and f o r  N from 

Eq. 19, 

j eq 

1 

bo t  e [ I n  c - b3][b4c - b5] 

- - 
bl -b2/T Y 

b and b a r e  t h e  same as b e f o r e  (Eq. 21),  bo’ bl’ 2 3 

b5 = 4P NB 

where 

b4 = qp J G kg, and 
0 0  

Equat ion 29 is  t h e  model t o  be f i t t e d  t o  s h e e t  r e s i s t i v i t y  da t a .  

Information i n  t h e  l i t e r a t u r e ,  based on empi r i ca l  obse rva t ions ,  

sugges t s  t h e  fo l lowing  func t iona l  r e l a t i o n s h i p  between j u n c t i o n  break- 

and t h e  processing v a r i a b l e s  of d i f f u s i o n  [Ref. 51: 
(BR) 

down v o l t a g e  V 

Background concen t r a t ion  h a s  been found t o  be extremely important  bu t  

f o r  t h e  u n i t s  examined he re  has  been kep t  a t  a cons t an t  va lue  o f  

2 x 10 

[Ref.  61 a r e  ignored,  a t  l e a s t  i n i t i a l l y ,  and t h e  model form t o  be 

16’ 3 I atoms/cm . E f f e c t s  of  s u r f a c e  concen t r a t ion  r e c e n t l y  r epor t ed  

f i t t e d  i s  
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0 
where bo - z / D  

1 bl = k 

= E k /2k, and b2 a 1  

k i s  a r b i t r a r y  c o n s t a n t  a s  suggested i n  Eq. 30. 1 

The reverse c u r r e n t  of a p-n j u n c t i o n  can be d iv ided  i n t o  components 

according t o  the  reg ion  i n  which they  o r i g i n a t e  [Ref.  71 .  S i n c e  both 

s u r f a c e  and space charge recombinat ion-generat ion c u r r e n t s  a r e  thought 

t o  depend on v a r i a b l e s  no t  measurable i n  t h e  p r e s e n t  work ( s u r f a c e  com- 

ponents  depend on s u r f a c e  p o t e n t i a l ;  space charge components, on t r a p  

s i tes ) ,  such c u r r e n t  components a r e  less a t t r a c t i v e  t o  model. Bulk 

d i f f u s i o n  c u r r e n t s ,  on t h e  o t h e r  hand, a r e  simply c a l c u l a t e d  i n  terms 

of  t h e  a v a i l a b l e  parameters .  A t  room tempera ture  t h e y  a r e  extremely 

smal l  i n  s i l i c o n  b u t  a t  e l e v a t e d  temperatures  150°C - 2OO0C, they  i n c r e a s e  

r a p i d l y  and can dominate t h e  observed c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s .  

The reverse cur ren t  t o  be modeled w i l l  be  assumed t o  be  a d i f f u s i o n  

c u r r e n t  component and o f  t h e  fol lowing form [Ref.  71:  

) 
- kTm b 2 1  1 

T U i  (z- +- I R - - -  
U L  

(1 + b) n P  P n  

where b = p,/p 
P 

u 

u = conduct iv i ty  of  n-region 

u = conduct iv i ty  of  p-region 

L = d i f f u s i o n  length  of  a h o l e  i n  n-region 

Ln = d i f f u s i o n  length  of an e l e c t r o n  i n  p-region 

T = temperature  o f  measurement. 

= i n t r i n s i c  c o n d u c t i v i t y  = niq(pn + p ) 
i P 

n 

P 

P 

m 
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For a d i f f u s e d  l a y e r  t h e  average  conduc t iv i ty  can be s u b s t i t u t e d  f o r  0 

and t h e  f u n c t i o n a l  form o f  t h e  model becomes: 

n 

(33) 
2 ( x j P s  + 1 I *  kTm b 1 = - -  

(1 + b) 2 ‘i L P N ~ q  Ln R 

This equa t ion  i s  of t h e  form: 

= b t bl ( x . p  
1 s  ‘R o 

2 
kTm b ‘i where b = - - 

0 (1 + b) 2 N B W n  

( 3 4 )  
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L 

3 .  Experimental Work 

The experimental  d a t a  f o r  f i t t i n g  t h e  models of  Sec. 2 were ob ta ined  

wi th  a d i f f u s i o n  system, employing phosphine gas  a s  t h e  o r i g i n a l  sou rce  

of  i i npur i t i e s  [ R e f .  11. A schematic of t h e  gas  induc t ion  system i s  

shown i n  F i g .  4 .  I n  such an arrangement, convent iona l  gas  metering 

equipment c o n t r o l s  t h e  flow r a t e s  of  t h e  v a r i o u s  gases  and p e r m i t s  con- 

t r o l  over t h e  phosphine impur i ty  c o n c e n t r a t i o n  i n  t h e  gas s t r eam from 

about 0.01 ppm t o  13,030 ppm. I n  a l l  d a t a  r e p o r t e d  h e r e  t h e  t o t a l  gas  

flow 'xas 3000 cc/min; t h e  oxygen c o n c e n t r a t i o n ,  6700 ppm. 

Two d i f f e r e n t  fu rnace  tubes  were used .  The f i r s t  s e t  of d a t a  

employed GE 204 quar t z  shaped a s  follows: 

-- 29.5"  

' - I . D .  5 mm I . D .  48 IIUTI 

' 12/5 qua r t z  b a l l  j o i n t  

The tube  w a s  pos i t i oned  i n  t h e  fu rnace  so t h a t  t h e  j o i n t  between t h e  

l a r g e  and t h e  small  bores  was about 9 inches  i n s i d e  t h e  fu rnace .  The 

tempera ture  a t  t h i s  p o i n t  i s  t y p i c a l l y  wi th in  100°C of  t h e  f l a t  zone 

tempera ture .  Quar t z  wool was packed around t h e  smal l  diameter t ube  t o  

prevent  excess ive  h e a t  l o s s  o u t  t h e  end o f  t h e  fu rnace  and t o  p reven t  

t h e  sinal1 diameter c a n t i l e v e r e d  s e c t i o n  of t h e  tube  from sagging a t  

h igh  tempera tures .  
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The s e c t i o n  o f  smal l  diameter t ub ing  i s  unusua l ly  long f o r  two 

reasons  : 

1. It m i n i m i z e s  t h e  back d i f f u s i o n  of P 0 toward t h e  room temper- 
2 5  

a t u r e  p o r t i o n  o f  t h e  system by ma in ta in ing  a high v e l o c i t y  gas  

flow u n t i l  t h e  tempera ture  of  t h e  t u b e  w a l l s  i s  too  h igh  t o  

ga the r  any s o l i d  o r  l i q u i d  p r e c i p i t a t e .  No d e p o s i t s  o f  wh i t e ,  

s o l i d  P 0 a r e  seen us ing  t h i s  tube .  With o t h e r  t u b e  geometr ies  

P205 

v e l o c i t y  s e c t i o n s  i f  t h e  tempera ture  a t  t h a t  p o i n t  i s  n o t  

s u f f i c i e n t l y  high (> 500 - 600 "C) . 

2 5  

can d e p o s i t  a t  t h e  neck between t h e  h igh  v e l o c i t y  and low 

2. The small diameter tub ing  over  t h e  r eg ion  o f  maximum t e m p e r a t u r e  

g rad ien t  minimizes t h e  bouyancy f o r c e s  t h a t  have been shown t o  

produce o b j e c t i o n a b l e  p a t t e r n s  of  gas  flow dur ing  d i f f u s i o n  

[ R e f .  81. 

A second s e t  o f  d a t a  w a s  run  us ing  an  AP 35 alumina (-99% A1203) 

t ube ,  manufactured by t h e  McDanel Ref rac to ry  P o r c e l a i n  Company t o  t h e  

f o 1 lowing dimens ions  : 

-- 2 9" 
____ - 

2" O . D .  

End necked down f o r  hose  connection 

During a l l  d i f f u s i o n s  a s i n g l e  wafer  was h e l d  v e r t i c a l l y  i n  a 

s l o t t e d  boa t  made o f  t h e  same m a t e r i a l  a s  t h e  d i f f u s i o n  tube .  The s u r -  

f a c e  p l ane  of the  wafer was p a r a l l e l  t o  t h e  d i r e c t i o n  of gas  flow, t h e  
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wafer  "s tanding" on i t s  114 inch o r i e n t a t i o n  f l a t  and t h e  p a t t e r e n e d  

s i d e  f ac ing  t h e  r i g h t  ( a s  viewed from t h e  open end of t h e  furnace  t u b e ) .  

Twenty-seven p o i n t s  i n  t ,  T,  c space  were chosen f o r  t h e  

i n i t i a l  f a c t o r i a l  experiment: 

t: 15 30 60 min 

T: 1100 1150 1200 "C 

C :  35 250 245 0 PPm 

The va lues  o f  c a r e  c l o s e r  t o  t h e  maximum v a l u e  o f  c t han  they  are 

t o  t h e  minimum because: 

1. This  r eg ion  i s  of  most p r a c t i c a l  i n t e r e s t ,  i .e.,  2450 ppm i s  

s u i t a b l e  f o r  forming t h e  emitter of  an n-p-n t r a n s i s t o r ;  

35 ppm i s  perhaps appropr i a t e  f o r  t h e  base of an p-n-p 

t r a n s i s t o r ;  .- 

2 .  Reproduc ib i l i t y  i s  b e t t e r  a t  t h e  h ighe r  l e v e l s  of  impur i ty  

concen t r a t  i on ;  

3 .  The t i m e  of  d i f f u s i o n  can be  kep t  s h o r t ;  a t  lower impur i ty  

concen t r a t ion ,  d i f f u s i o n  t i m e s  i n  excess  of  one hour are  

necessary  i n ' o r d e r  t o  ob ta in  j u n c t i o n s  deep enough t o  be  

eva lua ted  a c c u r a t e l y  by t h e  convent iona l  j u n c t i o n  depth and 

s h e e t  r e s i s t i v i t y  methods. 

The s i l i c o n  used i n  t h e s e  experiments was purchased from a commer- 

c i a l  vendor t o  t h e  fol lowing s p e c i f i c a t i o n s :  

R e s i s t i v i t y  and Type: 1 ohm-cmt 20% p-type 

Growth Technique: Czrochra lsk i  
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Or i en ta t ion :  <1 1 1> growth d i r e c t i o n ,  1 /4  inch o r i e n t a t i o n  f l a t  

c u t  p a r a l l e l  t o  t h e  ( 1  1 0) p l ane  

- 2  D i s loca t ion  Densi ty:  Etch p i t  count l ess  than  5000 cm 

Dimensions: 0.75 - 0.90 inch  d iameter ,  20 + 2 m i l  t h i c k n e s s  

Sur face  Finis:?: Both s i d e s  chemical ly  po l i shed  

- 

Wafer p repa ra t ion ,  p r i o r  t o  i t s  a r r i v a l  a t  ou r  l a b o r a t o r y ,  cons i s t ed  

of  sawing t h e  ingo t  i n t o  s l i c e s  26-mil t h i c k ,  l apping  t o  about  23 m i l s ,  

and e t c h i n g  (chemical p o l i s h i n g )  t o  t h e  f i n a l  dimension of  20 m i l s .  NO 

checks o t h e r  than v i s u a l  i n s p e c t i o n  were performed t o  a s s u r e  t h a t  a l l  

mechanical damage w a s  removed by t h i s  p rocess .  

Upon r e c e i p t  by our  l a b o r a t o r y ,  t h e  incoming wafers  were c l a s s i f i e d  

accord ing  t o  r e s i s t i v i t y  i n t o  t h e  fol lowing groups: 

Background . . .  
No. of  R e s i s t i v i t y  Spread 
Wafers (ohm- cm) 

15 l e s s  t han  0.80 

105 0.80 - 0.89 

80 0.90 - 1.04 

5 1.05 - 1.20 
.UT 

Only wafers  from t h e  most p o p u ~ o u s  group (0.80 - 0.89 R-cm) were used i n  
. . -  

t h e  d i f f u s i o n  experiments.  

Photoengraving masks were designed t o  a l low a s i n g l e  d i f f u s i o n  t o  

f u r n i s h  d a t a  fo r  modeling both t h e  in t e rmed ia t e -d i f fus ion  process-para-  

(BR) 
meters, x and p and t h e  e l e c t r i c a l  dev ice  p r o p e r t i e s  I and V 

F igu re  5 i s  a photograph o f  t h e  g l a s s  mask a c t u a l l y  used t o  expose 

j S ,  R 

p h o t o r e s i s t  p r i o r  t o  e t ch ing  f o r  d i f f u s i o n .  

photograph r ep resen t  t h e  areas i n t o  which impur i ty  d i f f u s i o n  t a k e s  p l a c e .  

The dark  areas i n  t h e  
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a .  Overa l l  view 

b.  Enlargement o f  c e n t e r  s e c t i o n  

F i g .  5 .  Photomask f o r  d e f i n i n g  a r e a s  o f  d i f f u s i o n  
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The l i g h t  a reas  correspond t o  r eg ions  t h a t  a re  covered wi th  ox ide  during 

t h e  d i f f u s i o n  s t e p .  The c i r c u l a r  a r e a s  d e f i n e  d iode  p a i r s ,  whose diameter  

i s  e i t h e r  4.5 m i l s  o r  9 m i l s .  Consequently t h e  pe r ime te r  of  t h e  l a r g e r  

p l ana r  diode i s  twice  t h a t  o f  t h e  sma l l e r ,  w h i l e  i t s  a r e a  i s  fou r  t imes 

a s  l a r g e .  These d iode  p a i r s  a r e  arranged i n  a c r o s s ,  c o n s i s t i n g  of  four  

arms r a d i a t i n g  from t h e  c e n t e r .  The r a d i a l  d i s t a n c e  of  corresponding 

d iode  p a i r s  i s  t h e  same i n  each a r m .  Seventeen d iode  p o s i t i o n s  a r e  

inc luded ,  four each cen te red  about a r a d i u s  o f  0.075N inch where 

N = 1 , 2 , 3 , 4  and then  one  a t  t h e  c e n t e r  o f  t h e  wafe r .  

I n  add i t ion  t o  t h e  d iode  p o s i t i o n s ,  several  r e s i s t o r s  a re  inc luded  

along t h e  s i d e s  of  t h e  h o r i z o n t a l  diode arms. R e s i s t o r s  of 25 squares  

o f  d i f f u s e d  a rea  appear  20 t imes.  Four d i f f e r e n t  wid ths  a r e  r epea ted  

f i v e  t imes each--0.4, 0.8, 2.0, 3.5 m i l s .  For  a l l  r e s i s t o r s  t h e  l eng th /  

wid th  r a t i o  i s  t h e  same so t h a t  t h e  a b s o l u t e  v a l u e  o f  t h e s e  r e s i s t o r s  

should be t h e  same t o  f i r s t  o r d e r .  I n  a d d i t i o n  t o  provid ing  an indepen- 

dent  check of  t h e  s h e e t  r e s i s t i v i t y  of  t h e  d i f f u s e d  l a y e r ,  t h e  observed 

v a r i a t i o n  i n  r e s i s t o r  v a l u e  should i n d i c a t e  any dependence of  t h i s  v a l u e  

on dimensions a s  w e l l  as any d i f f e r e n c e s  i n  spreads  o f  v a l u e s  w i t h  

dimensions,  

Contacts  t o  t h e  d i f f u s e d  r eg ions  were de f ined  by t h e  mask p i c t u r e d  

i n  F igu re  6 .  

which ohmic contac t  was made. 

The dark  r eg ions  correspond t o  r eg ions  on t h e  wafer t o  

Opera t ing  Procedures 

The wafers  used i n  t h e  experiment were processed  accord ing  t o  t h e  

fo l lowing  s p e c i f i c a t i o n s  : 
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a .  Overal l  view 

b .  Enlargement of  c e n t e r  s e c t i o n  

F i g .  6 .  Photomask f o r  d e f i n i n g  a r e a s  o f  ohmic c o n t a c t  
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1. Clean a l l  wafers  chemical ly  and o x i d i z e  i n  steam t o  an oxide  

th ickness  o f  about 5500 A .  

2 .  Coat a l l  wafers  immediately wi th  1:l  mixture  o f  KTFR (Kodak 

Thin F i l m  R e s i s t )  and KMER t h i n n e r  and s t o r e  i n  a c l e a n ,  dark 

p l a c e .  

3 .  A s  requi red  p r i n t  one wafer wi th  mask No. 1 (Fig.  5 )  and e t c h .  

4 .  Remove p h o t o r e s i s t ,  c l ean ,  and d i f f u s e  a s  programmed. 

5 .  Following d i f f u s i o n ,  immerse t h e  e n t i r e  wafer i n  b u f f e r e d  HF 

e t c h  f o r  1 minute.  

6 .  Make 8 f o u r  p o i n t  probe r e s i s t i v i t y  measurements on each s i d e  

of  t h e  wafer  a s  shown below: 

7 .  Groove both s i d e s  o f  t h e  wafer i n  each quadrant  f o r  j u n c t i o n  

depth measurements. 

8. Del inea te  j u n c t i o n s ,  measure j u n c t i o n  depth and r e o x i d i z e  

wafer .  

9 .  Coat wafer immediately wi th  p h o t o r e s i s t  and s t o r e  u n t i l  ready 

t o  make ohmic c o n t a c t s .  

10. Align and p r i n t  mssk No. 2 (Fig.  6 )  f o r  e t c h i n g  ohmic c o n t a c t  

windows. 

11. Etch and immediately evapora te  1000 A of  aluminum over  t h e  

e n t i r e  wafer .  
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1 2 .  Remove p h o t o r e s i s t  (and aluminum depos i ted  thereon)  by u l t r a -  

s o n i c  a g i t a t i o n  i n  t r i c h l o r e t h y l e n e  and g e n t l e  swabbing. 

(Figs .  7 and 8 a r e  photomicrographs of  a wafer  a f t e r  t h i s  s t e p  

i n  t h e  process ing . )  

13. S t o r e  wafer i n  d e s s i c a t o r  u n t i l  ready t o  measure e l e c t r i c a l  

p r o p e r t i e s .  

14. P l a c e  wafer on h o t  p l a t e  whose s u r f a c e  i s  200°C. 

15. Using anodized tungs ten  probes make p r e s s u r e  c o n t a c t s  t o  t h e  

a p p r o p r i a t e  s i d e s  of  t h e  diodes and cover wafer  w i t h  a m e t a l l i c  

canopy, 

16.  Measure reverse c u r r e n t  a t  V = 1, 5 ,  10, 20, 50 vdc.  

1 7 .  Measure reverse v o l t a g e  a t  I = 200, 300, 400 p A .  

R 

R 

A l l  t h e  preceding s t e p s  were accomplished us ing  "standard" techniques  

as d e s c r i b e d  i n  S i l i c o n  I n t e g r a t e d  Device Technology, Vols.  111, I V Y  and 

VI1 [Ref s .  2 ,  9 ,  l o ] .  S p e c i a l  p r a c t i c e s  p e c u l i a r  t o  t h i s  d i f f u s i o n  

technique  were : 

1. The wafers  were loaded i n t o  t h e  furnace and p e r m i t t e d  t o  come 

up t o  e q u i l i b r i u m  f o r  5 mins. p r i o r  t o  s t a r t i n g  t h e  impur i ty  

gas  flow. 

2 .  P r i o r  t o  each run  a t  a n  impuri ty  c o n c e n t r a t i o n  d i f f e r e n t  from 

t h a t  p r e v i o u s l y  run o r  p r i o r  t o  t h e  f i r s t  run o f  t h e  day, a 

dummy run was performed i n  which t h e  impuri ty  flow w a s  tu rned  

on t o  e s t a b t i s h  t h e  new d e s i r e d  c o n c e n t r a t i o n  level  but  no 

wafer was loaded. This  run was f o r  30 min. and 10 - 20 min. 

fol lowing t h i s  dry run,  t h e  a c t u a l  d i f f u s i o n  w a s  begun. For  

subsequent d i f f u s i o n s  a t  t h e  same c o n c e n t r a t i o n  but  d i f f e r e n t  
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a. Overall view 

b. Enlargement of c e n t e r  s e c t i o n  

F i g ,  7 .  Wafer fol lowing processing 
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a. D i o d e  position 

b. Resistor 

Fig. 8. Photomicrograph of units on a completed wafer 
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3 .  

4 .  

5 .  

t imes no dummy run was made s i n c e  t h e  l o s s e s  t o  t h e  system 

w a l l s  were expected t o  be  balanced by t h e  g a i n s ,  i . e . ,  t h e r e  

would be no n e t  change i n  impur i ty  c o n c e n t r a t i o n  due t o  back- 

ground e f f e c t s .  

A l l  wafers were loaded and unloaded rapidly--no a t tempt  w a s  

made t o  p r e s e r v e  l i f e t i m e  by slow cool ing .  

The load during a l l  d i f f u s i o n s  c o n s i s t e d  o f  one whole wafer  

on ly .  

N i t r i c  a c i d  was t h e  l a s t  a c i d  used on t h e  s u r f a c e  p r i o r  t o  

d i f f u s i o n ,  guarantee ing  a t h i n l y  o x i d i z e d  s u r f a c e  a s  t h e  i n i t i a l  

s u r f a c e  f o r  d i f f u s i o n .  

F i g u r e s  7 and 8 show p o r t i o n s  o f  a processed  wafer  ready  f o r  elec- 

t r i c a l  t e s t .  Figure 7a i s  a photomicrograph of  t h e  whole wafer and 

F i g s  7b, %a and 8b a r e  blowups o f  v a r i o u s  sub-sec t ions  o f  t h a t  wafer .  

F i g u r e  7b i s  t h e  c e n t e r  s e c t i o n ;  F i g s .  8a and 8b show a diode p a i r  and 

t h e  s m a l l e s t  r e s i s t o r  (width = 0.4 m i l s ,  l e n g t h  = 10 m i l s ,  no. of  squares  

= 25), r e s p e c t i v e l y .  I n  a l l  photos t h e  aluminum d e p o s i t s  appear w h i t e ;  

and t h e  n- type d i f f u s e d  r e g i o n s  a r e  s l i g h t l y  darker  t h a n  t h e  surrounding 

s u b s t r a t e  sur face .  Grooves f o r  measuring j u n c t i o n  depth a r e  m a r g i n a l l y  

v i s i b l e  i n  each o f  t h e  quadrants  of  t h e  wafer  p i c t u r e d  i n  F i g .  7a.  

Shee t  r e s i s t i v i t y  measurements were r e a d  d i r e c t l y  from t h e  s c a l e  

of a Texas Ins t ruments '  rho-meter,  Model 235B. This  meter h a s  f i v e  

probes,  fou r  of  which are e q u a l l y  spaced i n  a l i n e  t o  form t h e  conven- 

t i o n a l  f o u r  p o i n t  probe arrangement.  

t h e  fou r  and permits a l a r g e  dc b i a s  t o  be p l a c e d  between t h e  f o u r  

The f i f t h  i s  somewhat removed f r o m  
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measuring probes and t h i s  f i f t h ,  b i a s i n g  probe. The r e s i s t i v i t y  i s  

measured by a superimposed a c  c u r r e n t  and v o l t a g e ;  t h e  meter r eads  d i r -  

e c t l y  i n  ohms/square. 

J u n c t i o n  depth measurements were made by count ing  i n t e r f e r e n c e  

f r i n g e s  formed by r e f l e c t i o n  of  a monochromatic beam from a grooved 

s u r f a c e  [Ref .  113. A commercial wafer s e c t i o n i n g  machine--Model 310 

by Micro Tech I n c . ,  Sunnyvale, California--was used t o  f o r m  t h e  

c y l i n d r i c a l  grooves.  T y p i c a l l y  four s e p a r a t e  measurements of  j u n c t i o n  

depth were made on each s i d e  of a d i f f u s e d  wafer--one i n  each quadran t ,  

J u n c t i o n  d e l i n e a t i o n  was accomplished by u s e  of  an HF type  s o l u t i o n  

(most o f t e n  commercial 46% HF) flooded wi th  l i g h t  from a microscope 

i 1 luminator . 
BR ' The measurement of reverse c u r r e n t  I and breakdown v o l t a g e  V R 

came from t h e  c i r c u i t  ske tched  i n  F ig .  9 ,  

The i n i t i a l  check, a f t e r  making p o i n t  c o n t a c t s  t o  a diode, was t o  

observe  t h e  j u n c t i o n  I - V  c h a r a c t e r i s t i c s  on a curve  t r a c e r .  I f  t h e  

reverse c u r r e n t  was l a r g e  enough t o  be measured by t h e  s c a l e s  on t h e  

curve  t r a c e r ,  t h e  v a l u e s  of c u r r e n t  a t  r e v e r s e  v o l t a g e s  o f  1, 5 ,  10, 

and 20 were recorded .  For a l l  diodes t h e  v o l t a g e  a t  a r e v e r s e  c u r r e n t  

of  200, 300, and 400 p A were recorded. The reverse c u r r e n t  o f  h igh  

q u a l i t y ,  "good" d iodes  could not  be r ead  i n  t h i s  manner and a s e p a r a t e  

dc power supply  and vo l tme te r  were employed t o  measure a l l  c u r r e n t s  

under 10 p A .  A s  i n d i c a t e d  i n  Fig.  9 ,  t h e  dc vo l tme te r  was f i r s t  used  

t o  a d j u s t  t h e  o u t p u t  of t h e  power supply  t o  t h e  d e s i r e d  v o l t a g e  and then 

was used, by swi tch  B, t o  measure t h e  v o l t a g e  drop a c r o s s  a p r e c i s i o n  
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5 r e s i s t o r  of  10 ohms. Th i s  r ead ing  immediately y i e l d e d  t h e  v a l u e  of 

reverse c u r r e n t .  

P 

I 200" c 1 

To curve t r a c e r  + 
b A  

A 
0 

1 1 I 200 v b r  e c i s  ion  r e s i s t o r s  

F i g .  9 .  Schematic o f  measuring c i r c u i t  f o r  diode e l e c t r i c a l  p r o p e r t i e s  
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4 .  Data Evalua t ion  

Raw d a t a  from t h e  f i rs t  f a c t o r i a l  experiment ,  u s ing  t h e  s i l i c o n  

wafers  descr ibed  i n  Sec. 3 ,  

ob ta ined  by a least  squares  

7 2 = 1.364 x 10 
j 

a r e  l i s t e d  i n  Table  1. The f i n a l  equat ions  

fit of t h e  models g iven  i n  Sec. 2 are: 

14750 
T 

- -  
( I n  c - 0.52) A (35) e 0.66 t 

R = 0.97 s ( x j )  = 2900 

5000 
4 -1.4 T e ohms /L A =  1.647 x 10 t 

PS c ( l n  c - 0.5) 

R z  0.90 s ( p s )  = 15.1  

= 5.005 + 0.072 In  t - - 2084 v o l t s  
.A 

(BR) T I n  V 

R = 0.68 s ( l n  VB) = 0.073 

R = 0.47 s(IR ) = 8.77 
(L ) 

A 
= 4.85 + 0.100 x . p  p A  

J S  (S) 
I R  

R = 0.44 s ( I R  ) = 4.60 
(SI 

R i s  t h e  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  def ined  as: 

(37) 

(39) 

2 
(40) 

2 C(measured values  - c a l c u l a t e d  va lues )  
2 .  1 - R  = 

C(measured va lue  - median measured va lue )  
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The s t anda rd  d e v i a t i o n ,  s ,  i s  def ined  by 

2 C (measured v a l u e  - c a l c u l a t e d  va lue )  s2 = 
no. of o b s e r v a t i o n s  - no. of parameters  eva lua ted  

The p r a c t i c a l  s i g n i f i c a n c e  of t h e s e  s t a t i s t i c a l  d e f i n i t i o n s  i s  t h a t  

t h e  s t anda rd  d e v i a t i o n  g i v e s  t h e  u n c e r t a i n t y  t o  be expected i n  t h i s  

p r o c e s s .  S p e c i f i c a l l y ,  f o r  a Normal (Gaussian) d i s t r i b u t i o n "  68% of  t h e  

measured va lues  of  x1 a r e  expected t o  be i n  t h e  range  a + s ;  95%, i n  

t h e  range 2 + 2 s .  

v a l u e s  which i s  expla ined  by t h e  model. 

v a l u e s  of  s l e s s  than  about 10% of t h e  t o t a l  span of  t h e  measured vari-  

A 

J j -  
2 R i s  t h e  p ropor t ion  of t h e  v a r i a n c e  of  t h e  measured 

Values of R c l o s e  t o  u n i t y  p l u s  
j -  

L. 

a b l e  a r e  reasonable  c r i t e r i a  f o r  determining when t h e  model t h e  

p rocess  a r e  adequate  ( a t  l e a s t  fo r  i n t e r p o l a t i o n ) .  

and 8 
and I are n o t .  

The models f o r  2 
j 

(BR) 
are c l o s e  t o  "adequate" by t h e s e  c r i t e r i a .  The models f o r  V 

S 

R 

Equation (35) is p l o t t e d  i n  F i g s .  10 - 12, showing t h e  r e l a t i o n s h i p s  

between j u n c t i o n  depth and impurity c o n c e n t r a t i o n  (F ig .  l o ) ,  t empera ture  

(F ig .  ll), and t i m e  (F ig .  1 2 ) .  Residuals - - the  d i f f e r e n c e  between t h e  

expec ted  value of x as c a l c u l a t e d  from Eq. 35 and t h a t  a c t u a l l y  measured-- 

a r e  p l o t t e d  i n  F i g .  13. 

randomly d i s t r i b u t e d  about t h e  zero r e s i d u a l  a x i s ,  i n d i c a t i n g  t h e  model 

j 

The po in t s  r e p r e s e n t i n g  t h e  r e s i d u a l s  a r e  f a i r l y  

i s  n o t  p a r t i c u l a r l y  b i a sed  toward c e r t a i n  ranges  o f  x and t h a t  t h e  model 

seems equa l ly  a p p l i c a b l e  f o r  both l a r g e  and small v a l u e s  of  j u n c t i o n  

j 

dep ths .  

J; This  i s  t r u e  i f  t h e  degrees of  freedom (denominator i n  Eq. 41) i s  
q u i t e  l a r g e .  I f  n o t ,  t h e  f r a c t i o n  i s  reduced and depends upon t h e  degrees  
of freedom accord ing  t o  t h e  "students" t d i s t r i b u t i o n .  
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Fig. 11. Junction depth predicted by Eq. 35 as a function of diffusion 

temp era tur e 
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Fig. 13. Distribution of residuals from Eq. 35 and the top surface data 
of Table 1 
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The v a l u e  of  t h e  c o e f f i c i e n t  b (Eqs. 21 and 35) can be used t o  
2 

determine t h e  a c t i v a t i o n  energy o f  t h e  d i f f u s i o n  p r o c e s s .  From t h e  

c o e f f i c i e n t  f i t t e d  i n  Eq. 35,  t h e  fol lowing v a l u e  o f  E i s  der ived:  a 

E = (2k)(14750°K) a 

) (14650°K) 8.63 x e.v.  
OK 

E = 2 (  a 

= 2.50 e .v .  (42) 

Values f o r  Ea  of 2 . 4  t o  3.7 e .v .  appear i n  t h e  l i t e r a t u r e ,  depending 

upon t h e  s u r f a c e  c o n c e n t r a t i o n  of  t h e  d i f f u s i n g  impur i ty  and t h e  sub- 

s t r a t e  doping level [Ref .  31. 

In Table  2 ,  measured v a l u e s  o f  p a r e  compared w i t h  t h e  v a l u e s  

c a l c u l a t e d  fmm Eq. 36. The s t a n d a r d  d e v i a t i o n  i s  g r e a t e r  t h a n  t h e  

magnitude of many of t h e  measured v a l u e s  themselves .  The t h r e e  checked 

p o i n t s  i n  Table 2,  having by f a r  t h e  l a r g e s t  r e s i d u a l s ,  are  r e s p o n s i b l e  

f o r  t h e  s i z e  of  t h e  s t a n d a r d  d e v i a t i o n .  These p o i n t s  r e p r e s e n t  t h e  

minimum t i m e  and minimum c o n c e n t r a t i o n  d i f f u s i o n s  a t  each tempera ture .  

T h e i r  e l i m i n a t i o n  would reduce t h e  magnitude o f  s cons iderably .  

S 

The f u n c t i o n a l  form o f  Eq. 36 does n o t  adequate ly  p r e d i c t  t h e  

observed temperature dependence of s h e e t  r e s i s t i v i t y  f o r  t h e  two lower 

v a l u e s  o f  impuri ty  c o n c e n t r a t i o n  i n  t h e  gas  flow (35 ppm and 250 ppm). 

F i g u r e  14 compares t h e  shape of  t h e  curve p r e d i c t e d  by Eq. 36 wi th  t h a t  

o f  t h e  observed curves  a t  both 35 and 250 ppm. 

i n d i c a t e s  a depar ture  from t h e  s imple e x p o n e n t i a l  t empera ture  dependence 

assumed. 

The observed d a t a  c l e a r l y  

A t  t he  h i g h e s t  v a l u e s  o f  impur i ty  c o n c e n t r a t i o n  ( c  = 2450 ppm), 
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Table 2 

Res idua l s  Ca lcu la t ed  from t h e  Observed Sheet  R e s i s t i v i t y  
(Aveg. Top Surface  Data, Table 1) and t h e  P r e d i c t e d  (Eq.  3 6 )  

T C t ps,  Top, Meas. ps, Top, Calc. ps(Meas.)  - p s ( C a l c . )  

-33 .7373  J 
- 8 . 2 3 6 4  

3 . 7 8 6 6  
- 0.02346 
- 0 . 3 3 9 4  

1100 35 

25 0 

3 0  
6 0  

120 
15 
30  

1 6 . 5 0 0 0  
10 .8000 
11.0000 
11.2700 
3 . 9 4 0 0  

50 .2373 
19 .0364  

7 . 2 1 3 4  
11.2935 

4 . 2 7 9 4  

60  
15 
3 0  
60  
15 

3 . 0 0 0 0  
5.2000 
3 . 2 5 0 0  
1.9600 

170 .0000  

1 , 6 2 1 6  
0 .7923 
0 .3002 
0 .1138 

116 .6533  

1 . 3 7 8 4  
4 .4077 
2 . 9 4 9 8  
1 .8462  

53 .3467  J 

2400 

1150 35 

8 .2966  

2 . 2 5 0 1  
2 .0130  

- 3 . 2 0 3 4  

- 3.7070 

30  
30  
6 0  

120  
15 

52 .5000  
41 .0000 
19  .OOOO 

8 , 3 6 0 0  
6 . 2 3 0 0  

44 .2034  
4 4 . 2 0 3 4  
16 .7499  

6 . 3 4 7 0  
9.9370 250 

3 0  
6 0  
15 
30 
6 0  

3 .4500  
2 . 3 5 0 0  
3 . 0 7 0 0  
2 .3500  
1 .4400 

3 . 7 6 5 4  
1 .4268 
0 . 6 9 7 1  
0.2642 
0 .1001  

- 0 .3154  
0 . 9 2 3 2  
2 .3729  
2.0858 
1 .3399 

-43 .5378  J 
- 4.7335 

4 .5333 - 2.2198 
1.4579 

2450 

1200 35 

25 0 

15 
3 0  
6 0  
15 
30  

60.0000 
34 .5000  
19.4000 

6 . 6 0 0 0  
4 , 8 0 0 0  

103 .537 8 
39.2335 
14 .8667 

8 .8198 
3 . 3 4 2 1  

6 0  
15 
30  
6 0  

3 . 1 4 0 0  
2 . 3 1 0 0  
1.4800 
0 .9620 

1 .2664  
0.6187 
0 .2345 
0 .08884  

1 .8736 
1 .6913 
1.2455 
0 . 8 7 3 2  

2450 
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F i g .  14.  A comparison o f  shee t  r e s i s t i v i t y  a s  p r e d i c t e d  by E q .  36 and t h a t  

observed (aveg. top  s u r f a c e  d a t a ,  Tab le  1)  f o r  t h e  lower v a l u e s  
o f  i m p u r i t y  concen t r a t ion  
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however, such an exponen t i a l  temperature dependence i s  observed, a s  

shown i n  F i g .  15.  F igu re  15 i s  the same p l o t  as F i g .  14 except t h a t  

t h e  low c o n c e n t r a t i o n  d a t a  have been r ep laced  by h ighe r  c o n c e n t r a t i o n  

d a t a .  The exponen t i a l  f u n c t i o n a l  form p r e d i c t e d  seems t o  be v e r y  

r easonab le  h e r e  s i n c e  both t h e  p r e d i c t e d  and observed curves  are s t r a i g h t  

l i n e s  i n  t h i s  semi- logar i thmic  p l o t .  The s l o p e s  and i n t e r c e p t s  of t h e  

p r e d i c t e d  curve  d i f f e r  from those  observed b u t ,  as i s  ev iden t  i n  Table  

2,  a few low c p o i n t s  a re  exe rc i s ing  undue i n f l u e n c e  i n  t h e  l eas t  squa res  

f i t  o f  t h e s e  parameters .  The l e a s t  squa res  f i t  y i e l d s  t h e  v a l u e s  t h a t  

r e s u l t  i n  minimum t o t a l  r e s i d u a l  over t h e  e n t i r e  range of t h e  v a r i a b l e s  

i n v e s t i g a t e d .  I f  t h e  lower two va lues  o f  c a r e  e l imina ted  from t h e  

curve  f i t t i n g ,  and t h e  model i s  f i t t e d  on ly  t o  t h e  c = 2450 d a t a ,  t h e  

fo l lowing  r e l a t i o n s h i p  r e s u l t s :  

14,000 
-0.77 T as = 0,03587 t e 

R ry 0.97 - s ( p s )  = 0.26 (43) 

Equation 43 i s  p l o t t e d  i n  F i g .  16 a long  w i t h  t h e  experimental  p o i n t s  on 

which t h e  equa t ion  i s  based .  Over t h i s  extremely l i m i t e d  range of v a l u e s ,  

t h i s  model appears  q u i t e  adequate f o r  purposes of p r a c t i c a l  f a b r i c a t i o n .  

To inc lude  lower v a l u e s  o f  c (and hence o b t a i n  h i g h e r  va lues  o f  p ) 
S 

a l t e r a t i o n s  i n  t h e  form of Eq .  36 a r e  needed. These a l t e r a t i o n s  would 

be of s i g n i f i c a n c e  on ly  f o r  va lues  o f  c l e s s  t han  2450. A t  c = 2450, 

t h e  model would be s i m i l a r  t o  t h a t  expressed  i n  E q .  43. 

A t e n t a t i v e  conclus ion  of  obse rva t ions  j u s t  s t a t e d  i s  t h a t  t h e  

exponen t i a l  approximation to  the  e x a c t  s o l u t i o n s  of  t h e  d i f f u s i o n  
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equat ion  under t h e  a p p r o p r i a t e  boundary c o n d i t i o n s  made i n  Eq. 25 i s  

probably n o t  j u s t i f i e d .  A next  s t e p  i s  t o  re-examine t h e s e  s o l u t i o n s  

t o  decide t h e  type  of  c o r r e c t i o n  needed i n  t h e  very  s imple  model. This  

same d a t a ,  a l ready  a v a i l a b l e ,  can be f i t t e d  t o  any new model and t h e  

improvement immediately checked. 

Equat ion 3 7 ,  d e s c r i b i n g  t h e  t e n t a t i v e  r e l a t i o n s h i p  between j u n c t i o n  

breakdown v o l t a g e  and t h e  t i m e  and temperature  o f  d i f f u s i o n ,  shows o n l y  

a f a i r  c o r r e l a t i o n  between t h e  p r e d i c t e d  breakdown v o l t a g e  and t h e  

a c t u a l .  The maximum v o l t a g e  measured was 5 1  v o l t s  ( I n  5 1  - 3 .93) ;  t h e  

minimum, 35 v o l t s  ( I n  35 3.56) .  The range  of I n  V i s  t h u s  about 0.37; 

t h e  s t a n d a r d  d e v i a t i o n  i n  I n  V o f  0.073 r e p r e s e n t s  a n  u n c e r t a i n t y  o f  

almost 20% i n  V 

c o e f f i c i e n t  i n d i c a t e s  t h a t  s u b s t a n t i a l l y  less than  50% o f  t h e  d a t a  

a r e  expla ined  by t h e  proposed model. 

B 

B 

. I n  a d d i t i o n  t h e  m u l t i p l e  c o r r e l a t i o n  (not In  V B ) .  B 

The models f o r  r e v e r s e  c u r r e n t ,  Eqs.  38 and 3 9 ,  show s i g n i f i c a n t l y  

poorer  f i t s .  The s tandard  d e v i a t i o n  i s  of  t h e  same o r d e r  of magnitude 

a s  t h e  v a r i a b l e  i t s e l f  and t h e  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  i s  

unacceptably low. The obvious conclus ion  i s  t h a t  t h e  models a r e  

inadequate ,  and from t h e  l a c k  o f  any w e l l  e s t a b l i s h e d  dependence 

between I and t h e  product  x . p  i t  appears  l i k e l y  t h a t  o t h e r  v a r i a b l e s ,  

n o t  a t  p r e s e n t  c o n t r o l l e d  o r  measured, are  of  p r i m e  s i g n i f i c a n c e .  
R J S  

The d i f f e r e n c e  between t h e  diodes l a b e l l e d  L and t h o s e  l a b e l l e d  S 

i s  one o f  diameter only.  A s  shown i n  F i g .  8 ,  both diodes a r e  c i r c u l a r  

bu t  t h e  diameter o f  t h e  L u n i t s  i s  9 m i l s  and t h a t  of  t h e  S u n i t s ,  4 .5  

m i l s .  No s i g n i f i c a n t  d i f f e r e n c e  i n  V 

L and t h e  S u n i t s .  

could  be  d e t e c t e d  between t h e  
(BR) 

IR , however, g e n e r a l l y  seemed t o  be  twice t h a t  
a) 
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o f  IR , a s  i n d i c a t e d  i n  Eqs. 38 and 39. Th i s  o b s e r v a t i o n  sugges t s  

t h a t  t h e  geometr ica l  v a r i a b l e  o f  importance i s  pe r ime te r  r a t h e r  than  
(SI  

a r e a  and t h a t  t h e  sou rce  of t h e  added r e v e r s e  c u r r e n t  observed w i t h  t h e  

l a r g e  u n i t s  occu r s  a t  t h e  s u r f a c e .  S ince  o n l y  bulk  parameters  have been 

inc luded  i n  Eqs. 38 and 39 ,  and these  models have been shown t o  be 

inadequate ,  a r easonab le  nex t  step i s  t o  i n c o r p o r a t e  a parameter des- 

c r i b i n g  t h e  s u r f a c e  c o n t r i b u t i o n .  

Dependence of r e v e r s e  c u r r e n t  on t h e  r a d i a l  p o s i t i o n  o f  t h e  wafer  

was c l e a r l y  ev iden t  on on ly  one wafer.  The r e v e r s e  c u r r e n t  i n  t h i s  

c a s e ,  decreased  w i t h  r a d i a l  d i s t ance ,  t h e  o u t s i d e  d iodes  having t h e  low- 

est  c u r r e n t .  Breakdown v o l t a g e  on t h i s  same wafe r ,  a s  w e l l  a s  a l l  o t h e r s ,  

seemed independent of  r a d i a l  p o s i t i o n .  

The advantages gained by modeling reverse c u r r e n t  a t  200°C i n s t e a d  

of  room tempera ture  are shown i n  F i g .  1 7 .  The room tempera ture  measure- 

ments of IR are shown i n  F i g .  17a f o r  d iode  p o s i t i o n s  1s through 9 s .  

I n  F i g ,  17b t h e  same measurements a r e  shown when measured a t  200°C. 

Obviously t h e  d i s t r i b u t i o n  of r eve r se  c u r r e n t s  has  cons ide rab ly  narrowed, 

i n d i c a t i n g  t h a t  a s i n g l e  mechanism caus ing  c u r r e n t  flow may predominate 

a t  t h i s  tempera ture .  A t  any r a t e ,  measuring a t y p i c a l  v a l u e  of I i s  

no longer  as hope le s s  as it appeared a t  room tempera ture .  

R 

F i g .  17c shows t h e  200°C measurements on t h e  l a r g e  d iodes  1L 

through 9L. 

A second group of  wafers  was run through t h e  f a c t o r i a l  d i f f u s i o n  

experiment,  i n  which t h e  qua r t z  d i f f u s i o n  tube  was r ep laced  by an  

alumina tube .  Raw d a t a  recorded on t h e s e  wafers  i s  g iven  i n  Table  3 .  

Models were f i t t e d  f o r  x and p s ,  v i z .  ( u n i t s  a r e  g iven  i n  Table 2), 
j 
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Table 3 

Raw Data from Second Dif fus ion  Experiment 

Wafer Temp. Concen- T ime  Aveg. p Median p Junct ion  Aveg. Layer 
No. ( " C )  t r a t i o n  w i n . )  ( f l / @ ) S  (Q/R) Depth R e s i s t i v i t y  

Top Bot Top Bot TOP Bot Top Bot 

S 

(ohm- cm) x 10- (PPm) (A) 

B-68 
B-82 
B-81 
B-63 
B-67 
B- 73 
B - 7 2  
B - 6 1  
B-78 
B - 7 1  
B-46 

B- 2 
B-70 
B-79 
B-66 
B-32 
B-60 
B- 87 
13- 80 
B-74 
B- 88 
B- 47 

B- 42 
B-50 
B- 1 7  
B-43 
B-36 
B- 1 9  

A-73 
A-78 
A - 7 1  
A- 83 

A-75 
A-79 

1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 

1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 

1200 
1200 
1200 
1200 
1200 
1200 

1200 
1200 
1200 
1200 

1200 
1150 

35 
35 
35 
35 
250 
250 
250 
250 
2450 
2450 
2450 

3.5 
3 .5  
3 .5  
3.5 
250 
250 
250 
250 
2450 
2450 
2450 

35 
35 
35 
35 
25 0 
250 

250 
2450 
2450 
2450 

35 
35 

15 
30 
60 
120 
15 
35 
60 
15 
15 
30 
60 

15 
30 
60 
30 
15 
30 
30 
60 
15 
30 
60 

15 
30 
30 
60 
15 
35 

60 
15 
30 
60 

15 
30 

1 7 7  
133 
39 
2 1  
9.7 
5 . 4  
4 
10.15 
3.42 
2.25 
1 . 7 1  

415 

83 
160 
7 . 7  
5.37 
5.08 
3.46 
2 . 7 9  
1.83 
1 . 2 7  

45 4 

2 40 
65 
1085 
5 .64  

4.05 
2.3 
1.35 
.88 

48 1 
46 1 

133 
160 
42 
15 
8.6 
5 . 1  
3 . 4  
8.42 
2 .97  
1 . 9 2  
1.42 

3 48 

60 
1 2 9  
5.7 
4.5 
425 
2 . 7  
7 . 4  
1.46 
1 

359 

109 
70.5 
4 . 1  
4.24 

3.15 
1.93 
1.15 
.76  

40 6 
49 1 

17 2 
120 135 
37 38.5 
10.8 14 
9 . 9  8.35 
5.95 5.05 
4 3.35 
10.1 8.3 
3 . 4  2 . 9 7  
2 . 2 2  1 . 9  
1.68 1.42 

425 340 

82.5 62.5 
170 125 
7.55 5.7 
5 . 4  4 .5  
5 .0  4.2 
3.35 2 . 7  
2.73 2 .4  
1.80 1.45 
1 . 2 1  1 

455 325 

235 105 
62 69 
9.5 9.25 
5.6 4.2 

3.97 3.15 
2.3 1 . 9  
1.32 1.15 
.855 .76 

480 395 
450 515 

5 100 
12100 
19800 
15 800 
18700 
23300 
15200 
18500 
26600 
32500 

6100 
7600 
16200 
9200 
16000 
25000 
23 100 
3 1400 
23 100 
35600 
45600 

6700 

17500 
22800 
23 7 00 
34100 

43300 
33000 
44000 
57600 

10000 
9 200 

7 600 
10200 
19100 
12700 
18000 
25500 
10000 
17 800 
22200 
30300 

6400 
9600 
15600 
7400 
17 800 
23300 
20200 
32400 
24800 
33000 
35300 

9400 

13 200 
22300 
2 1000 
33000 

41600 
22300 
46500 
44200 

9000 
9400 

68 
47.2 
41.6 
15.3 
1.02 
9.3 
15.4 
6.33 
6 
5.56 

253 

134 
147 
12.3 
13.4 
11.8 
10.9 
6.45 
6 .6  
5 .8  

3 05 

420 
148 
25.7 
19.4 

17.4 
1.7 
5 .95 
5.06 

48 1 
425 

114 
4.3 
28.7 
1.09 
.92  
9 
8.42 
5.28 
4.16 
4.68 

2.23 

94 
96 
10.03 
10.05 
8.6 
9.8 
5.95 
4 .8  
3.53 

2 40 

144 
15 7 
1 9 . 2  
17.8 

13 .2  
4.3 
5.35 
3.35 

365 
3 64 
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b .  Same d iodes  a t  200°C 

F i g .  1 7 .  Typica l  d iode  I - V  c h a r a c t e r i s t i c s  
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. 

1 10 190 1000 
Current  (Micro amp er s ) 

c .  Corresponding l a r g e  d iodes  of some p o s i t i o n s  a t  200°C 

F i g ,  1 7  (cont inued) .  Typica l  diode I-V c h a r a c t e r i s t i c s  

R ‘v 0.97 s = 2756 - 
5000 - 

4 -1.5 T 9.46 x 10 t e 
ohms / 17 - 

p s  - c ( l n  c - 0.5) 

R - 0.92 s = 59.4 - 

Both t h e  s tandard  d e v i a t i o n  and t h e  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  

are comparable t o  t h a t  p r e v i o u s l y  c a l c u l a t e d  ( E q s .  35 and 3 6 ) ;  t h e r e f o r e ,  

no improvement i n  s t a t i s t i c a l  f i t  h a s  been r e a l i z e d  i n  swi tch ing  t o  t h e  

alumina d i f f u s i o n  tube .  More s i g n i f i c a n t ,  however, i s  t h e  v a r i a t i o n  i n  

t h e  v a l u e s  o f  t h e  f i t t e d  c o e f f i c i e n t s  between t h e  two sets of  d a t a .  

These numbers a r e  h e a v i l y  inf luenced  by t h e  h i g h  v a l u e s  o f  s h e e t  resis- 

t i v i t y  and a comparison o f  Table  1 and Table  3 shows t h a t  r e p r o d u c i b i l i t y  

(45)  
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i n  t h i s  range of  o p e r a t i o n  i s  poor. There i s  much b e t t e r  agreement 

w i t h i n  a s i n g l e  s e t  o f  d a t a  than  between t h e  two separate sets (aga in  

t h i s  s ta tement  a p p l i e s  t o  low va lues  o f  c p r i m a r i l y :  a t  h igh  v a l u e s ,  

t h e  d a t a  ag ree  much b e t t e r ) .  

e x p l a n a t i o n .  

Tube h i s t o r y  e f f e c t s  are  a p o s s i b l e  

No e l e c t r i c a l  p r o p e r t i e s  were measured on t h e  d iodes  formed on 

t h e s e  w a f e r s .  

The f u n c t i o n a l  form o f  t h e  models f i t t e d  so f a r  do n o t  p r e d i c t  t h e  

observed dependence of s h e e t  r e s i s t i v i t y  upon tempera ture  a t  low va lues  

of c (both c = 35 ppm and c = 250 ppm). A t  t h e  h i g h e s t  v a l u e  of  c t h e  

f u n c t i o n a l  form of  t h e  model f i t s  q u i t e  w e l l .  R e p r o d u c i b i l i t y  i s  a l s o  

t h e  b e s t  i n  t h i s  range of o p e r a t i o n .  These o b s e r v a t i o n s  s t r e n g t h e n  

t h e  argument f o r  o p e r a t i o n  a t  t h e  l i m i t i n g  s o l i d  s o l u b i l i t y  o f  phosphorus 

i n  s i l i c o n ,  ach iev ing  c o n t r o l  of j u n c t i o n  depth  and s h e e t  r e s i s t i v i t y  

by c o n t r o l l i n g  t h e  t i m e  and tempera ture  of n o t  o n l y  a s t a n d a r d  impur i ty  

in t roduc ing  d i f f u s i o n  c y c l e  but  of a subsequent,  r e d i s t r i b u t i o n  c y c l e  

as w e l l ,  i n  which t h e  wafer i s  hea ted  i n  an  impur i ty  f r e e  atmosphere 

and on ly  t h e  i m p u r i t i e s  a l r e a d y  p r e s e n t  a r e  a v a i l a b l e  t o  p a r t i c i p a t e  

i n  t h e  d i f f u s i o n  p r o c e s s .  This  method i s  t h e  "two-step" d i f f u s i o n  method 

commonly employed i n  i n d u s t r y  today. I t s  major advantage i s  t h a t  t h e  

v a l u e  of  impur i ty  c o n c e n t r a t i o n  a t  t h e  s u r f a c e  i s  determined by t h e  

l i m i t i n g  s o l i d  s o l u b i l i t y  of t h e  impur i ty  i n  s i l i c o n  a t  t h e  temperature 

of  d i f f u s i o n  r a t h e r  than  by t h e  concen t r a t ion  o f  impur i ty  i n  t h e  gas  

phase a d j a c e n t  t o  t h e  s i l i c o n  s u r f a c e .  However, i n  modeling such a 

d i f f u s i o n  p rocess - - tha t  i s ,  i n  w r i t i n g  down t h e  f u n c t i o n a l  r e l a t i o n s h i p  
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desc r ib ing  how t h e  s h e e t  r e s i s t i v i t y  and j u n c t i o n  depth a re  dependent 

upon t h e  va r ious  t i m e s  and temperatures  employed--the number o f  indepen- 

dent  v a r i a b l e s  i s  i n c r e a s e d  ( a t  l ea s t  two independent t imes and tempera- 

t u r e s  a re  required--one each f o r  t h e  d e p o s i t i o n  c y c l e  and one each f o r  

t h e  r e d i s t r i b u t i o n  cyc le )  and most l i k e l y  n o t  a l l  important  v a r i a b l e s  

are  ye t  known ( t h e  amount o f  ox ide  formed dur ing  a boron r e d i s t r i b u t i o n ,  

f o r  example, i n f luences  t h e  shee t  r e s i s t i v i t y  and j u n c t i o n  depth  d r a s t i -  

c a l l y  [Ref .  3 1 ) .  Empir ica l  curves  ex i s t ,  o f  course ,  which permi t  good 

c o n t r o l  o f  t he  d i f f u s i o n  b u t  t h e s e  curves  a re  u s u a l l y  unique t o  s p e c i f i c  

manufacturers  f o r  a s p e c i f i c  t ype  of  d i f f u s e d  l a y e r  and sometimes a re  

r e s t r i c t e d  t o  s p e c i f i c  furnaces!  Already t h e  models developed f o r  t h e  

one s t e p  d i f f u s i o n  process  seem more gene ra l  and perhaps more in fo rma t ive  

than  anything t h a t  can be  w r i t t e n  down t o  d e s c r i b e  t h e  two-step p rocess .  

The major problem of  course  i s  c o n t r o l  of  t h e  v a r i a b l e  c a t  low v a l u e s .  

More exp lo ra t ion  of methods f o r  improving t h i s  c o n t r o l  seem warranted  

be fo re  abandoning t h e  one s t e p  method as  i r r e p r o d u c i b l e .  
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5 .  Conclusions and Recommendations 

The data evaluation to date indicates that the functional form of 

the model relating junction depth to the time, temperature, and impurity 

concentration during diffusion is probably adequate (for interpolation) 

as it now stands (Eqs. 21, 3 5 ) .  The model for sheet resistivity in terms 

of these same parameters (Eqs. 2 9 ,  4 3 )  is good at the highest value of 

impurity concentration investigated (2450  ppm) but not at the lowest 

(35 ppm) o r  intermediate value (250 ppm). Some additional terms or 

factors modifying the time-temperature dependence at low values of c 

are needed. 

Reproducibility, particularly of p is inadequate at low value of 
S Y  

c. Better means of measuring the value of c during diffusion are desir- 

able. The present method relies on external metering of the gas flows 

into the tube for control of c; a more direct measurement of the c value 

in the diffusion tube, such as a phosphorus chemical-potential detector, 

is needed. To be of maximum benefit this detector should read continuously 

and come to equilibrium with the phosphorus content of the gas flow in a 

time small compared with the time of diffusion. A simple resistance 

theomometer is suitable provided: (1) its resistance is sensitive to 

P 0 impurities in the concentration ranges of interest; and ( 2 )  the 

diffusion coefficient of P 0 in the thermometer material is sufficiently 

high so as to achieve an equilibrium rapidly (1 to 5 minutes maximum). 

2 . 5  

2 5  

and IR are not adequate and probably 
(BR) 

The models for both V 

incomplete in that significant variables are being neglected. The 

surface contribution in particular has been ignored. To account for 

surfaceeffects some unambiguous measure of  its contribution to both 
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r eve r se  cu r ren t  and breakdown v o l t a g e  must be  found. Although t h e  quan- 

t i t a t i v e  theory i s  n o t  y e t  developed, t h e  measure of  t h e  f l a t  band 

v o l t a g e  of t he  oxid ized  s i l i c o n  immediately ad jacen t  t o  t h e  outcropping 

of  t h e  p l ana r  p-n junc t ion  promises t o  be ve ry  in fo rma t ive  of s u r f a c e  

charge and hence s u r f a c e  c o n t r i b u t i o n s  t o  c u r r e n t  flow and breakdown 

v o l t a g e ,  The f l a t  band vo l t age  measurement can be made by adding an 

i n s u l a t e d  e l e c t r o d e  t o  t h e  present  diode p a t t e r n :  

Guard Ring 

Si02  

p- type s u b s t r a t e  i 
The capac i tance  between t h e  guard r i n g  and t h e  s u b s t r a t e  can be measured 

a s  a func t ion  o f  v o l t a g e .  Both t h e  zero  v o l t a g e  capac i t ance  and t h e  

f l a t  band vo l t age  a r e  deducib le  from such measurements. Oxide th i ckness  

can be independently measured by c o l o r  o r  i n t e r f e r e n c e  techniques .  

S p e c i f i c  next  s t e p s  i n  t h e  program a r e  t h e  concurren t  i n v e s t i g a -  

t i o n s  o f :  

1. Methods o f  improving c o n t r o l  over  d i f f u s i o n s  a t  impuri ty  con- 

2 5  c e n t r a t i o n s  of 35 ppm and less .  A d i r e c t  measurement of P 0 

concen t r a t ion  i n  t h e  neighborhood of  t h e  s i l i c o n  being d i f f u s e d  

i s  q u i t e  d e s i r a b l e .  

2 .  S i g n i f i c a n t  s u r f a c e  r e l a t e d  measurements t o  inco rpora t e  i n t o  

t h e  models f o r  breakdown v o l t a g e  and reverse c u r r e n t  of  a 
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p l a n a r ,  d i f f u s e d  d iode .  Control  o f  any measurement so 

i d e n t i f i e d  i n  terms o f  p rocess ing  v a r i a b l e s  i s  an impor tan t  

bu t  subsequent problem. 

3 .  Models which a r e  l i k e l y  to  be  s u i t a b l e  over a wider  range  and 

t o  be more exac t  t h a n  t h e  p r e s e n t  ones .  

4 
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